The potential of tetrazolate-based ligands for forming metal-organic frameworks of utility in hydrogen storage is demonstrated with the use of 1,4-benzeneditetrazolate (BDT 2-) to generate a series of robust, microporous materials. Reaction of H2BDT with MnCl2‚4H2O and Mn(NO3)2‚4H2O in N,Ndiethylformamide (DEF) produces the two-dimensional framework solids Mn3(BDT)2Cl2(DEF)6 (1) and Mn4-(BDT)3(NO3)2(DEF)6 (2), whereas reactions with hydrated salts of Mn 2+ , Cu 2+ , and Zn 2+ in a mixture of methanol and DMF afford the porous, three-dimensional framework solids Zn3(BDT)3(DMF)4(H2O)2‚3.5CH3-OH (3), Mn3(BDT)3(DMF)4(H2O)2‚3CH3OH‚2H2O‚DMF (4), Mn2(BDT)Cl2(DMF)2‚1.5CH3OH‚H2O (5), and Cu-(BDT)(DMF)‚CH3OH‚0.25DMF (6). It is shown that the method for desolvating such compounds can dramatically influence the ensuing gas sorption properties. When subjected to a mild evacuation procedure, compounds 3-6 exhibit permanent porosity, with BET surface areas in the range 200-640 m 2 /g. The desolvated forms of 3-5 store between 0.82 and 1.46 wt % H2 at 77 K and 1 atm, with enthalpies of adsorption in the range 6.0-8.8 kJ/mol, among the highest so far reported for metal-organic frameworks. In addition, the desolvated form of 6 exhibits preferential adsorption of O2 over H2 and N2, showing promise for gas separation and purification applications.
Introduction
Situated at the confluence of materials science, solid-state chemistry, and coordination chemistry, the study of microporous metal-organic frameworks has developed into an intense field of chemical research. The first metal-organic frameworks, reported by Robson and others in the early 1990s, typically consisted of single metal ions connected by simple tetrahedral or rod-shaped ligands, such as tetracyanophenylmethane or 4,4′-bipyridine, 1 and had little or no practical applicability. The use of more varied organic linkers and the replacement of single metal ions with metal clusters, however, has since led to the synthesis of increasingly complex frameworks with a variety of proposed applications. 2 Recently, structure predictability, an important requirement for the synthesis of functional materials with tailored properties, has even become possible, in many cases by combining topological principles laid out by Wells 3 with new computational models. 4 In all, the combined knowledge accumulated in the field over the last fifteen years has enabled the synthesis of a new generation of microporous materials with potential applications in magnetism, 5 catalysis, 6 luminescence and chemical sensing, 7 and gas adsorption and/ or separation. 8 Microporous metal-organic frameworks exhibiting large surface areas and permanent porosity have also achieved recent prominence due to their potential as hydrogen storage materials for mobile applications. The initial finding of reversible hydrogen adsorption in Zn 4 O(BDC) 3 (BDC ) 1,4-benzenedicarboxylate) 9 was followed by numerous reports of other carboxylate-based frameworks displaying significant storage capacities. 10 However, with the exceptions of the recently reported compounds [Ni 2 (4,4′-bipy) 3 ](NO 3 ) 4 10c and M(2-pymo) 2 (M ) Cu, Pd; 2-pymo ) 2-pyrimidinolate), 11 there are no examples of carboxylate-free metal-organic frameworks exhibiting H 2 adsorption, suggesting that the synthesis of materials based on new types of bridging ligands may yield quite different storage capabilities. The highest reported H 2 uptake for a metalorganic framework at 77 K and 1 atm is 2.47 wt %, as observed in Cu 2 (BPTC) (BPTC ) 3,3′,5,5′-biphenyltetracarboxylate). 10i In contrast, Zn 4 O(BDC) 3 has an adsorption capacity of 1.3 wt % at 77 K and 1 atm. One key feature that characterizes most metal-organic framework materials is the relatively low enthalpy of adsorption change associated with the H 2 uptake. This energy usually lies in the range 4.7-7.5 kJ/mol, significantly lower than the estimated 15 kJ/mol required for reversible H 2 uptake at 298 K and fuel-cell operating pressures between 1.5 and 30 atm. 12 Consequently, we are focusing on the use of alternative bridging ligands in synthesizing microporous frameworks that may exhibit higher enthalpies of adsorption, without sacrificing important features such as thermal and mechanical stability.
As a result of its simplicity and thermal robustness, Zn 4 O-(BDC) 3 remains one of the most studied microporous metalorganic frameworks. This compound likely owes its unusual thermal stability to the tetrahedral Zn 4 O(O 2 C-) 6 units that form connecting nodes within its three-dimensional cubic framework. Notably, zinc and beryllium have long been known to form molecular analogues of the type M 4 O(O 2 C-R) 6 with a variety of carboxylates, 13 whereas analogous µ 4 -oxo hexacarboxylate clusters of other metals are not known. 14 3 . Moreover, due to a shorter N-N distance in triazole compared to the O‚‚‚O separation in a carboxylate, the metal centers in a tetrahedral M 4 O(az) 6 unit would be much more exposed to an H 2 molecule that approaches the cluster from a direction perpendicular to the plane formed by three N atoms on adjacent triazole rings. These exposed metal centers might therefore provide stronger binding sites for adsorbed H 2 molecules.
To find a suitable substitute for linear dicarboxylates, we considered a series of diazolate ligands. Tetrazoles have long been used as carboxylic acid analogues in biological chemistry because their pK a values are close to those of carboxylic acids (pK a ≈ 4). 16 Although a few tetrazolate-based coordination solids have been reported, 17 the coordination chemistry of polytopic tetrazolate ligands remains largely unexplored. The linear ditetrazole 1,4-benzeneditetrazol-5-yl (H 2 BDT) was therefore investigated to determine the extent to which it might mimic H 2 BDC. Herein, we report the successful incorporation of BDT 2-into porous, three-dimensional framework solids exhibiting reversible H 2 uptake with enhanced binding enthalpies.
Experimental Section
The compound 1,4-benzeneditetrazol-5-yl (H2BDT) was prepared as described previously.
17d For the synthesis of 1 and 2, N,Ndiethylformamide (DEF) was dried over 3 Å molecular sieves for 3 days prior to use and deoxygenated via three cycles of freezing and thawing under dynamic vacuum. All other reagents were obtained from commercial vendors and, unless otherwise noted, were used without further purification.
Mn3(BDT)2Cl2(DEF)6 (1). Solid MnCl2‚4H2O (20 mg, 0.10 mmol) was added to a solution of H2BDT (21 mg, 0.10 mmol) in 4 mL of DEF in a Pyrex tube (1.0 × 1. 2 × 16 cm, i.d. × o.d. × length) , and the mixture was degassed by four freeze-pump-thaw cycles. The tube 106.12; 117.12. was sealed and heated in a tube furnace at 120°C for 1 day and allowed to cool to room temperature. Amber, block-shaped crystals suitable for X-ray analysis were collected to give 10 mg (8%) of product. Anal. Calcd for C46H74Cl2Mn3O6N22: C, 43.61; H, 5.89; N, 24.32. Found: C, 43.77; H, 6.37; N, 23.85 Mn4(BDT)3(NO3)2(DEF)6 (2). A solution of Mn(NO3)2‚4H2O (25 mg, 0.10 mmol) in 2 mL of DEF was added to a solution of H2BDT (21 mg, 0.10 mmol) in 2 mL of DEF in a Pyrex tube (1.0 × 1.2 × 16 cm, i.d. × o.d. × length), and the mixture was degassed by five freezepump-thaw cycles. The tube was sealed and heated in a tube furnace at 130°C for 2 days and allowed to cool to room temperature. Amber, block-shaped single crystals (2 mg, 3%) were isolated mechanically from the major product, an unidentified amorphous white solid. IR , 30.76; H, 4.33; N, 23.14. Found: C, 30.68; H, 4.72; N, 22.78 .
Cu(BDT)(DMF)‚CH3OH‚0.25DMF (6). A solution of Cu(NO3)2‚ 2.5H2O (93 mg, 0.40 mmol) in 5 mL of methanol was added to a solution of H2BDT (86 mg, 0.37 mmol) in 5 mL of DMF. An aqueous solution of HCl (0.3 mL, 1 M) was added dropwise to the mixture while stirring, affording a clear, bright-green solution. The mixture was allowed to stand at room temperature for 5 days. The resulting blue, block-shaped crystals were collected to afford 110 mg (71%) of product. . Anal. Calcd for C12.75H16.75CuN9.25O2. 25: C, 38.37; H, 4.23; N, 32.46. Found: C, 38.38; H, 4.60; N, 32.23 .
Gas Sorption Measurements. All gas sorption isotherms were measured using a Micromeritics ASAP2020 volumetric gas adsorption instrument. As-synthesized compounds 3-6 were transferred to preweighed analysis tubes, which were capped with a Transeal to prevent intrusion of oxygen and atmospheric moisture during transfers and weighing. The samples were evacuated under dynamic vacuum up to 160°C until the outgas rate was less than 2 mTorr/min. The length of time between the onset of the final temperature and the onset of the 2mTorr/min outgas rate was at least 2 days for all samples, much longer than the temperature ramping time, such that the overall heating and degassing time was approximately the same in all cases, regardless of the heating rate. The evacuated analysis tubes containing degassed samples were then transferred carefully to an electronic balance and weighed to determine the mass of sample. After determining the mass of the degassed samples, the analysis tube was transferred back to the analysis port of the gas adsorption instrument. The outgas rate was again confirmed to be less than 2 mTorr/min. For all isotherms, warm and cold free space correction measurements were effected using ultrahigh purity He gas (UHP grade 5.0, 99.999% purity); H 2, N2, and O2 isotherms at 77 K were measured in liquid nitrogen baths using UHP grade gas sources. H2 isotherms at 87 K were measured in liquid argon baths. Oil-free vacuum pumps and oil-free pressure regulators were used for all measurements to prevent contamination of the samples during the evacuation process, or of the feed gases during the isotherm measurement.
X-ray Structure Determinations. Single crystals of compounds 1 and 3-5 were coated with Paratone-N oil and mounted on Kapton loops. The crystals were then quickly transferred to a Siemens SMART or Bruker APEX diffractometer, and cooled in a stream of nitrogen gas. Single crystals of compounds 2 and 6 were treated similarly and transferred to a Bruker Platinum 200 Instrument at the Advanced Light Source at the Lawrence Berkeley National Laboratory. Preliminary cell data were collected giving unit cells consistent with the triclinic Laue group for compounds 2-4, and with the monoclinic, orthorhombic, and hexagonal Laue groups for compounds 1, 6, and 5, respectively. The unit cell parameters were later refined against all data. A full hemisphere of data was collected for all compounds. None of the crystals showed significant decay during data collection. Data were integrated and corrected for Lorentz and polarization effects using SAINT 7.07b and were corrected for absorption effects using SADABS 2.10. Crystal and refinement parameters are listed in Table 1 .
Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structures. Structures were solved by direct methods and expanded through successive difference Fourier maps. They were refined against all data using the SHELXTL 5.0 software package. Thermal parameters for all non-hydrogen atoms pertaining to the framework skeleton were refined anisotropically in all compounds. Thermal parameters for partially occupied sites associated with disordered C, N, and O atoms pertaining to solvent molecules were refined isotropically. Hydrogen atoms associated with disordered atoms were not included in the structural refinements. All other hydrogen atoms were assigned to ideal positions and refined using a riding model with an isotropic thermal parameter 1.2 times that of the attached atom (1.5 times for methyl hydrogens). The high residual factors obtained in refining the structure of 2 are a consequence of the extreme thermal motion of the ethyl groups pertaining to bound DEF molecules and poor crystal quality due to partial loss of lattice solvent. Due to disorder, the C-N distances in three DEF molecules in the structure of 2 were constrained to idealized lengths of 1.54 Å. Nitrate anions in the structure of 2 could not be located in the residual electron density map and were inferred based on charge balance considerations. The structure of 5 was twinned and was best refined by introducing the twin law TWIN 0 1 0 1 0 0 0 0-1 in the SHELX instruction file.
Other Physical Measurements. Infrared spectra were collected on a Nicolet Avatar 360 FTIR spectrometer with an attenuated total reflectance accessory (ATR). Carbon, hydrogen, and nitrogen analyses were obtained from the Microanalytical Laboratory of the University of California, Berkeley. Powder X-ray diffraction data was collected using Cu KR (λ ) 1.5406 Å) radiation on a Siemens D5000 diffractometer. Thermogravimetric analyses were carried out at a ramp rate of 1°C/min in a dinitrogen flow with a TA Instruments TGA 2950.
Results and Discussion
The ligand BDT 2-offers a very rich coordination chemistry as a result of having two tetrazolate rings, each with four possible donor nitrogen atoms. Thus, the numerous binding modes of tetrazolate can be expected to give rise to materials with drastically differing structures and gas sorption properties. Indeed, changes in metal counteranion, solvent, and reaction conditions were all found to influence the topology and stability of the resulting frameworks.
Two-Dimensional Frameworks. The reaction between MnCl 2 ‚4H 2 O and H 2 BDT in DEF at 120°C in the absence of air afforded Mn 3 (BDT) 2 Cl 2 (DEF) 6 (1) as amber, block-shaped crystals. If the same reaction is carried out in the air, the initially colorless reaction mixture becomes brown within hours, presumably due to the formation of Mn 3+ and Mn 4+ species, and an unidentified brown solid is formed. Instead, if the temperature is maintained below 70°C, the reaction mixture remains colorless, but only amorphous white powders are formed. Single crystals of 1 are stable outside of the mother liquor for only short periods, after which they gradually become opaque and lose diffraction intensity.
X-ray analysis of a single crystal of 1 revealed a structure in which linear Mn 3 units are linked via four BDT 2-ligands to produce a neutral two-dimensional framework (see Figure 2 ). The Mn 3 units consist of a central Mn 2+ ion, octahedrally coordinated by four tetrazolate nitrogen atoms, two transoriented bridging chloride anions, and two outer Mn 2+ ions, each octahedrally coordinated by two tetrazolate nitrogen atoms, one bridging chloride anion, and three DEF molecules. Each tetrazolate ring is attached to two Mn 2+ ions via its N1 and N2 atoms, a "side-on" coordination mode that is quite uncommon for a tetrazolate ligand. 18 Each trinuclear unit is connected to four neighboring clusters and can thus be considered a fourconnected node, which together with linear BDT 2-edges define a 4,4 plane net. 3 (5), and Cu(BDT)(DMF) (6) the [001] direction of the crystal to give DEF-filled channels, it is likely that the two-dimensional connectivity leads to framework collapse upon evacuation of the solvent molecules.
In a similar reaction, heating Mn(NO 3 ) 2 ‚4H 2 O and H 2 BDT in DEF at 130°C produced a small amount of amber, blockshaped crystals of [Mn 4 (BDT) 3 (DEF) 6 ](NO 3 ) 2 (2) . Crystals of 2 are also stable outside the mother liquor for only short periods, after which loss of crystallinity occurs, evidenced by pronounced loss of X-ray diffraction intensity. X-ray analysis revealed an extended two-dimensional structure containing Mn 2 paddlewheel units in which the metals are connected by three BDT 2-ligands via two nitrogen atoms on each tetrazolate ring (see Figure 3) . Notably, two tetrazolate coordination modes are present in this structure: two of the tetrazolate rings are coordinated via the N2 and N3 atoms, the more common binding mode, whereas the third ring bridges the two Mn 2+ ions via the N1 and N2 atoms. Each Mn 2+ ion has an octahedral coordination geometry, facially coordinated by three N atoms from BDT 2-ligands and three oxygen atoms from bound DEF molecules. Although fourbladed paddlewheel units are ubiquitous among carboxylatebased molecular species 2,13 and metal-organic frameworks, 20 this represents the first example of a metal-organic framework based on a three-bladed paddlewheel unit. A geometrically related dinuclear unit is found, however, in [Mn 2 (CO) 6 (N 4 C- 21 Mn I -containing compounds which, to our knowledge, are the only molecular analogues of the Mn 2 paddlewheel units observed in 2. If the paddlewheel units in 2 are regarded as three-connected nodes, then linear BDT 2-bridging ligands function as edges of a 6,3 plane net, 3 also known as the honeycomb structure. Stacking of the twodimensional sheets affords hexagonal one-dimensional channels in which disordered nitrate anions and unbound solvent molecules reside. Again, degradation of 2 outside the mother liquor is probably due to collapse of the loosely connected twodimensional framework, which is unlikely to sustain porosity upon desolvation.
Three-Dimensional Frameworks. Exploration of the coordination chemistry of a given ligand involves systematic variation of several reaction parameters, among which the solvent mixture typically plays an important role. We found that reactions run in neat DMF or dimethyl sulfoxide produced either unidentified crystalline powders or amorphous precipitates regardless of temperature or concentration. Because the poor solubility of H 2 BDT in other organic solvents or water limited the choice of solvent, solvent mixtures were employed for this system. We found that replacement of DEF with an equimolar mixture of methanol and DMF increases the dimensionality of the ensuing frameworks, promoting formation of microporous solids. For example, the reaction between Zn(NO 3 ) 2 ‚6H 2 O and H 2 BDT in this solvent mixture produces large, colorless crystals of Zn 3 (BDT) 3 (DMF) 4 (H 2 O) 2 ‚3.5CH 3 OH (3) upon sitting for several days at room temperature. Increasing the reaction temperature interferes with the crystallization process, because poorly crystalline powders are formed in only a few hours at higher temperature. An analogue of 3, Mn 3 (BDT) 3 (DMF) 4 -(H 2 O) 2 ‚3CH 3 OH‚2H 2 O‚DMF (4), can be synthesized under similar conditions starting from Mn(NO 3 ) 2 ‚4H 2 O. In this case, however, diffusion of ethyl acetate vapor into the reaction solution is necessary to induce crystallization, suggesting that the Mn 2+ -containing framework is somewhat more soluble in the polar solvent mixture.
X-ray analysis of single crystals of 3 and 4 showed the two compounds to be isomorphous, crystallizing in the same space group and exhibiting virtually identical unit cell parameters (see Table 1 ). Their structures contain linear M 3 (M ) Mn, Zn) units linked via BDT 2-bridges to form a neutral, three-dimensional framework (see Figure 4) . The M 3 units consist of a central M 2+ ion coordinated octahedrally by six tetrazolate nitrogen atoms and two outer M 2+ ions, each coordinated by three tetrazolate nitrogen atoms, two DMF molecules, and one water molecule in an almost ideal octahedral geometry. Note that trinuclear moieties of this type are currently unknown for tetrazolates but that discrete molecular species of the type M 3 -(tz) 6 (H 2 O) 6 (M ) Mn, Fe, Co, Ni, Cu, Zn; tz ) 4-substituted 1,2,4-triazoles) have been isolated. 22 In 3 and 4, the M 3 units stack along one direction such that, together with the bridging BDT 2-ligands, they define one-dimensional channels in which DMF, water, and disordered methanol molecules reside. The trinuclear moieties and the linear BDT 2-ligands in 3 and 4 can be viewed as the six-connected nodes and edges of a 4,6 three-dimensional net, respectively. 3 The simplified structures of 3 and 4 thus have the same connectivity but lower symmetry than a primitive cubic net. These structures are isomorphous with another recently reported BDT 2--containing framework, Cd 3 (BDT) 3 O (5) formed. As was also the case with reactions run in DEF, increasing the reaction temperature led to oxidation of Mn 2+ such that formation of 5 was accompanied by the formation of unidentified brown powders. In contrast, decreasing the temperature below 60°C retarded the reaction time by several days, and 5 could only be isolated in lower yield. X-ray analysis of 5 revealed onedimensional helical chains composed of alternating Mn 2+ and Cl -ions, which are connected through bridging BDT 2-ligands to form a neutral three-dimensional framework (see Figure 5) . Each Mn 2+ ion is coordinated octahedrally by three meridionally arranged tetrazolate nitrogen atoms, two bridging chloride anions situated trans to each other, and a terminal DMF ligand. The structure of 5 can also be described as a three-dimensional net composed of helical chains of opposing chirality, 3 1 and (6) are deposited after 2 days at room temperature. If the acidic mixture is instead heated above 40°C, a poorly crystalline blue precipitate is formed within minutes, suggesting that the acidic medium and low temperature are critical for the slow crystallization process that allows the formation of single crystals in this case. X-ray analysis of 6 revealed a structure in which infinite one-dimensional chains of Cu 2+ ions are linked by BDT 2-ligands to form the neutral framework depicted in Figure 6 . Each Cu 2+ ion is coordinated octahedrally by four tetrazolate nitrogen atoms and two transoriented bridging DMF molecules. A pronounced Jahn-Teller distortion, common for Cu 2+ ions, is also evident along the axis containing the two DMF molecules. Indeed, the mean Cu-N bond length of 1.998(1) Å, is considerably shorter than the mean Cu-O bond length of 2.451(1) Å. Bridging DMF molecules, although fairly common in main group 29 and lanthanide metal compounds, 30 are rare in transition metal chemistry, particularly for first-row metal ions. 31 The infinite Cu 2+ chains, together with the bridging BDT 2-ligands, define wide, rhombic onedimensional channels, running along the [010] direction of the crystal, with diagonal dimensions of 13.6 Å × 22.3 Å. Bound DMF molecules protrude into these channels, with the remaining space taken up by disordered DMF, methanol, and possibly water guest molecules.
Gas Sorption Properties. Typically, two-dimensional frameworks are less likely to exhibit sustainable porosity upon desolvation, presumably due to collapse of the two-dimensional layers and ulterior blocking of potential pores. This, combined with the relatively low yields obtained for compounds 1 and 2, prompted us to perform gas sorption measurements only on compounds 3-6.
Thermogravimetric analyses of compounds 3-5 showed no clear weight loss plateaus, prompting us to investigate their stability toward solvent evacuation by means of gas adsorption isotherms. In these cases, to determine the highest possible evacuation temperature before noticeable collapse of the frameworks, samples were heated under dynamic vacuum at increasingly high temperatures, and upon complete degassing, hydrogen adsorption isotherms were measured. Figure 7 shows a series of one-point adsorption measurements corresponding to H 2 uptake in desolvated 3 at 77 K and 900 Torr upon degassing at 10°C intervals in the range 80-180°C. During this study, the H 2 uptake increased from 0.92 wt % upon degassing at 80°C, reaching a maximum of 1.35 wt % after degassing at 160°C, before decreasing slightly to 1.32 wt % after degassing at 180°C
. Similar degassing experiments with 4 and 5 also showed an optimal degassing temperature of 160°C translated into the highest surface area measurements, and consequently into the highest H 2 adsorption capacities. 32 We therefore infer that incomplete activation and partial collapse of the frameworks are responsible for the lower adsorption capacities observed upon degassing below or above 160°C. Indeed, the decomposition of the frameworks at temperatures above 160°C is also evidenced by color changes from white to yellow in all three cases.
In addition to the relationship between degassing temperature and gas uptake, we found that the temperature ramping sequence also plays a major role in the maximum adsorption capacity of the material. As shown in Figure 8 , heating 3 from 25 to 160°C at a rate of 10°C/min prior to degassing resulted in an H 2 uptake of only 1.15 wt %, whereas retarding the heating to a rate of 0.1°C/min resulted in an uptake of 1.35 wt %. The best results were obtained when slow ramping was also accompanied by complete evacuation (outgas rates of 2 mTorr/min or less) at four equally spaced intermediate temperatures. Use of this very mild evacuation procedure gave a maximum H 2 uptake of 1.46 wt % for Zn 3 (BDT) 3 at 77 K and 880 Torr. Samples of 4 and 5 were degassed using the same mild evacuation procedure prior to measurement of gas adsorption isotherms. As shown in Figure 9 , the H 2 adsorption isotherms at 77 K reveal reversible uptakes of 0.97 and 0.82 wt % at 880 Torr for Mn 3 (BDT) 3 and Mn 2 (BDT)Cl 2 , the desolvated forms of 4 and 5, respectively.
The optimally desolvated materials also adsorb significant amounts of N 2 . Fitting the BET equation to the N 2 adsorption isotherms (see Figure 10 ) gave estimated surface areas of 640, 290, and 530 m 2 /g for Zn 3 (BDT) 3 , Mn 3 (BDT) 3 , and Mn 2 (BDT)-Cl 2 , respectively. 33 Notably, there is a large discrepancy between the adsorption properties of Zn 3 (BDT) 3 and Mn 3 (BDT) 3 . Although the structures of 3 and 4 are isotypic, Zn 3 (BDT) 3 adsorbs almost twice as much H 2 as Mn 3 (BDT) 3 at 880 Torr and, consistently, has more than double the surface area of Mn 3 -(BDT) 3 . Because identical degassing procedures were used for both compounds, we believe, on the basis of the X-ray crystal structures, that the differences are due to their different response to desolvation. Significantly, the mean Mn-N bond distance in 4, 2.25(2) Å, is significantly longer than the average Zn-N distance in 3, 2.15(3) Å. The metal-ligand bonds are likely the weakest links in metal-organic frameworks, and breaking or reorganization of these bonds is what presumably leads to collapse upon desolvation. The longer, weaker Mn-N bonds are therefore probably responsible for the partial collapse, lower surface area, and reduced H 2 adsorption capacity of Mn 3 (BDT) 3 .
A comparison of the isotherms plotted in Figures 9 and 10 leads to seemingly contradictory H 2 and N 2 uptake quantities for Mn 3 (BDT) 3 and Mn 2 (BDT)Cl 2 . Although Mn 2 (BDT)Cl 2 adsorbs less hydrogen at 880 Torr, its surface area is almost twice that of Mn 3 (BDT) 3 . Expectedly, both N 2 isotherms rapidly reach saturation at 77 K, whereas neither H 2 isotherm is saturated at this temperature. It is obvious from the shapes of the two H 2 isotherms, however, that Mn 3 (BDT) 3 is closer to saturation than Mn 2 (BDT)Cl 2 at 1 atm. Accordingly, we can expect that at high-pressure, Mn 2 (BDT)Cl 2 will outperform Mn 3 -(BDT) 3 in terms of H 2 uptake, thus agreeing with the observed difference in the N 2 adsorption capacities of the two materials.
Although the H 2 adsorption capacities of 0.82-1.46 wt % are only average compared to the uptake observed in other metal-organic framework compounds, the steep initial slope of all three isotherms indicates the presence of strong H 2 adsorption sites inside the pores. The existence of such sites was also anticipated from the X-ray crystal structures of 3, 4, and 5, which suggest that coordinatively unsaturated Zn II and Mn II centers should become accessible upon release of bound DMF and H 2 O molecules (see Figures 4 and 5 ). Consequently, a second set of H 2 isotherms were measured at 87 K and, upon applying a variant of the Clausius-Clapeyron equation, isosteric heats of adsorption were calculated for the three evacuated materials. 24 As shown in Figure 11 , the enthalpies of adsorption lie in the ranges 6.8-8.7 kJ/mol for Zn 3 (BDT) 3 , 6.3-8.4 3 (THPDC ) tetrahydropyrenedicarboxylate), which at low coverage show H 2 adsorption enthalpies of 9.5 and 9.1 kJ/mol, respectively. In both cases, however, the high values were attributed to increased van der Waals contact areas associated with small pore sizes. Importantly, the enthalpy plots in Figure 11 also display a significant upward trend at the lowest coverages measured, suggesting that sites with even higher binding enthalpies are actually present in the materials. In view of a recent study indicating an ideal enthalpy change of 15 kJ/mol for H 2 storage at room temperature with pressures in the range 1.5-30 bar, 12 the values reported here represent significant progress toward achieving fully reversible, high-temperature adsorption.
A thermogravimetric analysis of compound 6 showed that it readily releases unbound and most of the bound solvent molecules upon heating under a dinitrogen flow in the range 100-210°C. The observed weight loss of 29% below 210°C corresponds to release of approximately one methanol and 1.25 DMF molecules per formula unit. To evaluate whether the framework porosity is maintained upon evacuation, a sample of 6 was heated under dynamic vacuum at 160°C until the outgas rate was less than 2 mTorr/min. 38 During the degassing process, the color of the sample changed from dark blue, to bright green, and then finally to gray, indicating a change in the coordination environment of the Cu 2+ ions (in agreement with the loss of bound DMF molecules). As such, we can expect the desolvated form of 6, Cu(BDT), to be a microporous material that exhibits Cu 2+ centers with unsaturated coordination sites, presumably along the Jahn-Teller distortion axis.
The gas sorption characteristics of Cu(BDT) were therefore also probed via low-temperature isotherm measurements. As shown in Figure 12 , the H 2 adsorption isotherm at 77 K reveals a reversible uptake of just 3.3 mmol/g (0.92 mol/mol, 0.66 wt %) at 880 Torr. This represents a lower storage capacity than might be expected from the large one-dimensional channels observed in the crystal structure of 6 (see Figure 6) , suggesting that the pores of Cu(BDT) may constrict upon evacuation of the solvent molecules. Although single crystals of 6 lose integrity upon desolvation, preventing structural characterization of Cu-(BDT), the powder X-ray diffraction of Cu(BDT) does not match with that of 6, suggesting that a significant structural change occurs in 6 upon solvent evacuation. Attempts to measure a BET surface area using N 2 revealed almost no N 2 adsorption at pressures up to 1 atm (see Figure 12 ), also suggesting a constriction of the pore aperture. Indeed, preferential adsorption of H 2 over N 2 has been observed previously for Mg 3 (NDC) 3 and Mn(HCOO) 2 , 10d,24 and has been attributed to a molecular sieving effect associated with the small pore sizes of the desolvated materials.
To estimate the size of the pores in Cu(BDT), an O 2 adsorption isotherm was also measured at 77 K. Note that the kinetic diameter of O 2 (2.46 Å) is slightly smaller than that of N 2 (2.64 Å), and adsorption experiments utilizing gases of varying sizes is a standard means of inferring pore sizes in molecular sieves. 39 To avoid condensation of O 2 at 77 K, which is below its boiling point of 90 K, the saturation pressure was measured at intervals of 120 min during the experiment. As shown in Figure 12 , the sample adsorbed significant amounts of O 2 at 77 K. Unexpectedly, however, the O 2 isotherm revealed two distinct adsorption steps: one in the P/P 0 interval 0-0.025, and the second in the interval 0.025-1. At a relative pressure of 0.025, a first saturation plateau occurs, and the BET equation provides a good fit to this first part of the isotherm to give an estimated surface area of 200 m 2 /g. 33 Notably, the monolayer coverages predicted by fitting Langmuir equations to the H 2 and O 2 isotherms are almost identical, (2.56 and 2.53 mmol/g, respectively) and correspond to 0.75 gas molecules/formula unit, suggesting that the same number of binding sites is initially available to both gases. The second, much more significant adsorption step, occurs in the relative pressure interval 0.03-0.2 and corresponds to adsorption of ca. 10 mmol/g of O 2 in excess of what was expected based on the H 2 isotherm. Although hysteresis is observed between the adsorption and desorption curves, O 2 uptake in Cu(BDT) is reversible, suggesting that O 2 does not permanently bind to the framework via an irreversible process such as oxidation of the metal centers.
Stepwise, hysteretic, pressure-dependent gas adsorption of this type has been observed previously in several flexible porous metal-organic frameworks that exhibit "breathing" or "swelling" effects. 40 The unusual gas uptake behavior in these materials has usually been attributed either to favorable adsorbent-adsorbate molecular interactions, such as the adsorption of methanol in desolvated Cu 2 (pzdc) 2 (dpyg)‚8H 2 O (pzdc ) pyrazinedicarboxylate, dpyg ) 1,2-dipyridylglycol), 40d or to pressure-dependent gating effects, as observed in the highpressure adsorption of N 2 , O 2 , CO 2 , and CH 4 in evacuated [Cu-(dhbc) 2 (4,4′-bpy)]‚H 2 O. 40e One of these mechanisms is likely in effect here, and high pressure adsorption studies to test this hypothesis are currently underway. Importantly, although Cu-(BDT) is not a promising H 2 storage material at low pressure, its low H 2 and N 2 adsorption capacity of Cu(BDT) and its excellent O 2 uptake at low pressure may be of use for gas separations or purification. Indeed, inspection of the pure component adsorption isotherms of Cu(BDT) and comparisons with those of other molecular sieves suggest that this material should have very high O 2 /N 2 and O 2 /H 2 selectivity ratios.
Outlook
The foregoing results demonstrate the utility of nitrogen-based heterocyclic ligands, especially tetrazoles, for producing microporous metal-organic frameworks with permanent porosity, and topologies and gas adsorption characteristics mimicking those of carboxylate-based materials. More importantly, these results show that the rich coordination chemistry of tetrazolates can give rise to new structure types that have not yet been accessible using carboxylate chemistry. A thorough investigation of the coordination chemistry of only one ditopic ligand, BDT 2-, enabled the synthesis of six porous frameworks, suggesting that judicious design and utilization of related ligands could perhaps produce materials with improved properties. In particular, the new materials disclosed here show the potential of tetrazolatebased ligands for generating frameworks with coordinatively unsaturated metal centers. Such frameworks are of importance to the development of hydrogen storage materials exhibiting enhanced H 2 binding enthalpies, but may also be of interest for applications in catalysis. Accordingly, our future efforts will focus on employing new organoazolate ligands to produce rigid metal-organic frameworks with higher concentrations of exposed metal sites.
